We consider a twin Higgs scenario where the Z 2 twin symmetry is broken spontaneously, not 
I. INTRODUCTION
The approach of the twin Higgs scenarios to the little hierarchy problem is a realization of the Higgs boson as a pseudo-Goldstone boson [1] . With introducing the twin/mirror sector of the standard model (SM), twin Higgs fields H A and H B of each sector form a fundamental representation of a global group SU (4) whose spontaneous symmetry breaking down to SU (3) generates seven Goldstone bosons. Six of them are eaten by SU (2) LA and SU (2) LB gauge bosons of each sector, and one is identified as the observed Higgs boson.
An important ingredient for the twin Higgs mechanism to work is the Z 2 twin symmetry under which each particle of one sector is interchanged with the corresponding particle of the other sector. The role of the twin symmetry is to prevent the explicit breaking terms of SU (4) symmetry from introducing a quadratic divergence of the Higgs boson.
However, the twin symmetry has to be broken either explicitly or spontaneously for various phenomenological reasons including the observed Higgs singal strength [2] [3] [4] . The In this paper, we focus on the possibility that the twin symmetry is exact but broken spontaneously. Fig. 1 describes the desired situation that we consider in this paper. In the twin Higgs field space (h A , h B ), the twin symmetry (Z 2 ) corresponds to the mirror symmetry along the diagonal dashed line. There are two degenerate minima in the flat direction h Higgs doublet model [5, 6] or singlet extended twin Higgs model [7] , we consider a realization in one twin Higgs doublet setup without additional scalar fields. Similar idea is discussed in
Refs. [8, 9] in the context of the strong CP problem. We provide more systematic approach to the construction of the effective potential.
Cosmological history of spontaneous twin symmetry breaking is restricted by dark radiation constraints from the cosmic microwave background [10] , and by the domain wall problem [11] . To avoid these problems, we assume that Z 2 symmetry is spontaneously broken before/during the inflation, and reheaton decays mostly to the sector with smaller Higgs vev. For preventing twin sector particles from being produced thermally, reheating temperature should be less than around the bottom quark mass when f ∼ 10 v SM . Otherwise, twin sector particles can be produced through the bottom quark annihilation to the twin muon production process, and twin photons and neutrinos will finally contribute to the dark radiation [2, 12, 13] .
II. MINIMAL MODEL WITH EXACT TWIN SYMMETRY
Nonzero Higgs mass comes from SU (4) breaking. To be more specific, let us consider an effective scalar potential,
where h A and h B are classical Higgs fields of each sector. Here, ∆V denotes terms breaking
B is the leading term to break SU (4)
1 . Gauge and Yukawa interactions will also contribute to ∆V through loops. By replacing h A = f cos θ and h B = f sin θ, we can obtain the potential along the flat direction for the case when λ λ mix . We denote it by f 4V (θ) in this paper. SinceV (θ)
is a periodic function with periodicity π/2 and symmetric under Z 2 : θ → π/2 − θ, we can apply the Fourier expansionV
with coefficients c n .
The leading order contribution h The simplest term to generate c n≥2 is the Coleman-Weinberg potential, In addition, the sign of c 2 should be positive. If c 2 is negative, the minima can be only at θ = 0, π/4 or π/2. Positive sign of c 2 is equivalent to the negative sign of beta function of Higgs self quartic coupling. It is interesting that the SM gauge and Yukawa interactions already provide the proper sign assignment. Therefore, the minimal setup is just the exact copy of the SM particle contents and gauge group with the potential (1). The SU (4) breaking effective potential ∆V can be parametrized by
where β ≡ dλ/d ln µ is the renormalization group (RG) equation of λ. Its SM value is 
where we ommit contributions coming from λ mix because it will turn out to be negligible at µ = f . Note that λ does not contribute toV (θ) since λ repects SU (4) symmetry. In Eq. (3), we redefined λ mix (µ = f ) so that quartic operators coming from radiative contributions are absorbed, e.g. log y t /2 − 3/2.
To obtainV along the flat direction, we replace h A = f cos θ and h B = f sin θ. In terms of Fourier expansion,V can be written aŝ
where we neglect the constant term for simplicity.
For the misalignment of vevs (i.e. h A = h B = 0), cos 4θ term should be suppressed. This suppression comes from the cancelation between 12λ mix and β(25 − 24 log 2). In terms of the ratio between λ mix and β, κ = λ mix /β, the condition for the misalignment becomes
where the first condition β < 0 is already satisfied by the large top Yukawa interaction.
In In the minimal setup, we have only two free parameters (f and λ mix ), and they are fixed by two observational constraints (Higgs vev v SM and mass m h ). If we denote θ 0 as the minimum position ofV ,
In Fig. 3 , m h /v SM is described as a function of κ with fixed beta functions β = β SM (red), β = 2β SM (blue) and β = 5β SM (blue). For the minimal case (β = β SM ), it is very difficult to obtain the observed value, m h /v SM 0.5 unless λ mix stands at the edge of the allowed region. In this plot, we estimated β SM at Z boson mass scale (µ = M Z ), so more precise estimation will make the situation worse. To investigate further, we expand the potential around θ = 0 with assuming κ 1/2, and we obtainV
where the first two terms are negative and the last logarithmic term is positive near θ 0.
By multiplying f 4 and replacing f θ = h, we can match Eq. (9) to the SM potential
where
For the observed Higgs mass and vev, we need m m h / √ 2 and
and f is determined by the scale where λ h (µ = f ) = β/16 ∼ < 0 with boundary condition 2 ). For the theory to be natural, the scale f
should not be very far away from the weak scale. However, the prediction of the minimal model is f 10 10 GeV [14] , so it is very unnatural.
III. VECTORLIKE LEPTONS
A possible way to alleviate tuning is introducing new Yukawa interactions. Additional
Yukawa interactions can give additional negative contributions to β, and make f smaller. It can also be seen in Fig. 3 that if β is larger than the SM value (purple and blue curves), the slope at m h /v SM could be small, so the tuning of λ mix /β can be milder.
As an example, we consider a family of vectorlike leptons (VLL) in each sector: lepton
Their interaction Lagrangian become
where the summation of i = A, B is ommitted in the expression. Although there are several implications of VLL for the case when they couple to the SM leptons [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , we do not discuss them in this paper because their coupling to the SM leptons do not change the following discussions.
Mass mastix of charged and neutral VLL are given by
For simplicity, we assume that
for i = A, B.
The effective potential from VLL in each sector is given by
which can provide large enough c 2 when Collider signatures of VLL are highly sensitive on the mixing with SM leptons [25] [26] [27] [28] [29] [30] [31] .
The mass limit for charged leptons from the Large Electron-Positron collider (LEP) is 100.8 GeV when the charged lepton mostly decays to W ν. For neutral leptons, the mass limit from LEP is 101.3 GeV when they decay to W e [32, 33] . At Large Hadron Collider (LHC), the most relevant search is Refs. [34] which provides constraints on the CKM matrix elemant |V eN | and |V µN | in the mass range from GeV to TeV. At this moment, LHC constraints are comparable to LEP constraints [34] , but there will be much improvement in the future. Although we do not specify the inflation sector, we have assumed that reheaton decays mostly to the sector with smaller Higgs vev in order to avoid cosmological problems. The reheating temperature of the SM sector should be less than around bottom quark mass for preventing thermal production of twin sector particles. An interesting possibility is that cogenesis of baryon asymmetry and asymmetric dark matter could occur during the reheating process. We leave detailed studies about the cosmological history and the inflation sector as future work.
